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I. Introduction

Studies have been conducted to explore the feasibility and
characteristics of high Tc superconductor opening switches. The
following three controlling mechanisms are applied to the
opening of the switch for the current to flow through the load:
(i) magnetic quenching, (ii) microwave quenching, and (iii)
pulsed current quenching. Ceramic superconductor YBa,Cu;0,_x ;g
used as the material for fabricating the test switches. In the
following three sections, each of these three modes of high Tc

superconductor opening switches will be discussed. Finally,

conclusions will be given in the section V.

II. Magnetically Controlled High Tc Superconductor Opening
Switch

A jitter free, repetitive opening switch made of
¥Ba,Cu,0,_x high temperature superconductor is demonstrated.
The switch conducts electrical current at no 1loss when it is
superconducting. A pulse or pulse train of magnetic fiéld on
the order of 100 Gauss causes the transition of the switch from
the superconducting state to the resistive normal state and
forces current to flow through a load resistor that is connected
in parallel with the switch. Repetitive operation of this
switch at rep-rate higher than 1 kHz has been demonstrated.

The discovery of superconductors with superconductivity

1 has

transition temperatures above liquid nitrogen temperature
stimulated a great deal of interest in the development of

applications based on these new classes of materials. In the




power applications of the high temperature superconductors
(HTSC), the zero resistance of the HTSC is used for powver
transmission or energy storage. For these applications, high
performance electrical contacts and switches are desirable. We
have reported various high performance electrical contact
techniques for HTSC applications 2-4 In this work we study
HTSC switches and demonstrate the jitter free, repetitive
switching of electrical current from the HTSC switch to a 1load
by means of magnetic triggering. An HTSC switch made of

YBa,Cu,0 is schematically shown in Fig. 1. Rectangular bars

377-x
of YBa,Cu,0,_, are prepared by (a) mixing BaCo,, Y,0,, and CuoO,
(b) repeatedly (three times) grinding and sintering at 935 C for
16 hours in oxygen atmosphere, (c) pressing at a pressure of
10,000 kg/cm2 into the rectangular shape of 5mm wide and 75 mm
long with thickness between 0.5 and 2 mm, (d) sintering at 950 C
for 6 hours in oxygen atmosphere, and (e) cooling slowly in the
furnace to 400 C and staying at this temperature for 4 hours.
HTSC prepared by this process has the superconductivity critical

current density around 160 A/cm2

at 77K and zero magnetic field
according to the luvV/cm standard. Silver contacts are made on
these HTSC bars by means of silver evaporationz, molten silver
processing3, or heat treated silver painting technique4. Copper
wires are soldered to the silver contacts and arranged to
minimize the interference caused by the magnetic pulse, i.e. to
minimize the circuit loop that is exposed to the magnetic field.
The finished HTSC is protected by acrylic spray coating.

Shown in Figqg. 2(a) 1is the circuit diagram for the HTSC

opening switch circuit with the switch immersed in 1liquid

nitrogen. The current source supplies a current equal or less
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than the critical current of the HTSC switch to the outer two
contacts on the switch. A low resistance, on the order of a few
mohm, load is connected between-the inner two contacts. Without
an applied magnetic field, the switch is superconducting and all
the current from the current source flows through the switch
with load current, I, equal to zero. When a magnetic field of
tens of gauss is applied, in a direction perpendicular to the
current flow, to the central section of the superconductor bar
between those two inner contacts, the HTSC that is exposed to
the applied magnetic field becomes resistive as shown in Fig.
2(b). The amount of current that can be switched to the load is
determined by the current divider rule based on the resistance
of the HTSC and the load as well as silver contacts.

When a magnetic field is applied, the critical current of
the HTSC switch decreases significantly with increasing magnetic
field up to about 100 gauss and then decreases slowly with
magnetic field. The I-V characteristics of an HTSC switch with
critical current equal to 8.4 amperes is shown in Fig.3 as a
function of the applied magnetic field. The horizontal axis is
the current flowing through the central section of the HTSC
switch and the vertical axis is the voltage drop across the same
section of the HTSC switch that is measured without connecting a
load. As the magnetic field increases, the I~V curve shifts to
the left at a rate that increases with magnetic field between 0
and 20 gauss and decreases with magnetic field between 20 and
100 gauss. For magnetic field between 100 and 200 gauss, that
is the highest magnetic field tested in this work, the I-V curve
stays about the same. The dependence of ceramic HTSC current

density on magnetic field may be attributed to the "weak
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12.5 ¢ LOAD LINE
60 GAUSS
10}
—_ 40 GAUSS
> 7.5+
E
[ V]
(L.}
<
—
|
2 sd
2.54 100 uOHM '
LOAD LINE 20\ GAUSS
0 2.5 5 7.5

CURRENT (AMPERE)

Fig. 3. Current-voltage characteristics of a high Tc superconductor
switch. Two load lines corresponding to 3 mohm and 100 uohm
respectively are also shown. The maximum magnetic field
tested is 200 gauss.
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5:6 in the HTSC

coupling" effect between superconducting grains
bar and therefore is dependent upon the sample preparation
process. The operation of the HTSC switch can be interpreted in
aid of a load line representing the I-V characteristics of the
load resistor as well as the contact resistance between the load
and the switch. For high performance silver contacts with the
contact area larger than the crossectional area of the HTSC bar,
the contact resistance, R./ is less than one micro-ohm and can
be neglected in this case. Therefore, the 1load 1line 1is a

straight line represented by the equation
o=Is + Vs/RL (1)

where I is the current supplied by the current source; Ig is
the current flowing through the central section of the HTSC bar

between the inner +two contacts; V_ is the voltage across the

s
HTSC between the inner contacts; Ry is the load resistance.

Two load 1lines corresponding to 8 amperes power supply
current and 3 mohm and 0.1 mohm load resistance respectively are
shown in Fig. 3 in conjunction with the I-V curves for the 8.4-
ampere HTSC switch. The intersection between a 1load 1line and
the I-V curve corresponding to the maximum applied magnetic
field determines the division of the current from the current
source between the load and the central section of the HTSC bar.
As shown in ey 3 for the HTSC switch being tested a load
resistance of 0.1 mohm will allow about 80% of the total current
to be switched to the load while a 3 mohm load resistance will
allow only 30% of the total current to be switched to the load.

The switchable load current will increase, when all the other
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parameters are kept the same, if the HTSC bar is made longer or
an HTSC with higher normal state resistance is used since the I-
V curves for the HTSC switch will shift upward with increasing
normal state resistance for the HTSC. When a magnetic pulse or
pulse train is applied to the HTSC switch the waveform is
determined by the magnetic pulse as well as the I-V
characteristics shown in Fig.3. A typical oscilloscope trace of
the load current detected by a current probe is shown in Fig.4.
The rise-time of the load current is determined by the time it
takes for the magnetic field to increase to about 100 gauss.
Therefore, a fast rising magnetic field will result in a rapid
switching operation. The recovery of the HTSC switch after the
magnetic field decreases ¢to zero 1is fast enough for the
operation of the switch at 1 kHz. Shorter fall-time for the
load current waveform is expected if a magnetic pulse with fall-
time shorter than the one used in this experiment is applied.

In summary, a jitter free, repetitive HTSC opening switch
has been demonstrated and studied. This switch is very useful
as an opening switch for 1low resistance loads. The "weak
coupling” effect for superconducting grains in ceramic HTSC has
been applied for the control of the opening switch with pulses
of magnetic field around 100 gauss. Operation of this switch at
a rep-rate up to 1 kHz has been demonstrated. Further studies
are being conducted for the exploration of the optimal
performance of this class of HTSC opening switches.
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III. Microwave Controlled High Tc Superconductor Opening Switch

Microwave quenching of ceramic superconductor YBa,Cu,0,_

from superconducting to normal state (resistivity -~ 1073

ohm-cm)
is studied. An opening switch based on this technique has been
demonstrated. The operation of this very promising class of
opening switch will be discussed.

The absorption of millimeter-wave power by high Tc

superconductor YBa,Cu,0,_. 1 has been reportedz. The surface
resistance of superconductor thick films have also been measured
3

in the frequency range 7.0-16.7 GHz”. The power dissipation in
the superconductor caused by microwave can be explained by the
surface resistance of the superconductor. When the dissipated
power is greater than the rate at which the cooling mechanism
can remove the heat from the superconductor, the deterioration
of the superconductor will accelerate due to the ohmic heating
in the deteriorated layer and the reduction of critical current.
We have studied the interaction of microwave power with a

current carrying YBaZCu3O7 superconductor and demonstrated for

-X




current carrying YBa,Cu,0,_. superconductor and demonstrated for
the first time a microwave controlled opening switch.

YBa20u307_x superconductor 1is prepared by the solid state
sintering process that has been reported previous1y4. A
rectangular bar of superconductor with four silver contacts4 is
used as the test switch. A current supplied by a current source
flows between the outer two contacts on the superconductor bar
with the inner two contacts connected together with a copper
wire to form 80 mohm resistor. The test sample is placed inside
a liquid nitrogen container that is inserted into a rectangular
microwave waveguide as shown in Fig. 5. The power supply of a
commercially available microwave oven is used to generate 2.45
GHz microwave pulse trains at 60 Hz repetitive rate with average
power up to about 500 watts. This power supply can provide
microwave power in a perio& for about 3 seconds or 1longer.
Although the microwave power output is not very reproducible
when it is turned on for only a few seconds, we have been able
to demonstrate the operation of an opening switch controlled by
microwave quenching of the superconductor using this simple
setup.

As shown in Figqg. 6, a Tektronix A6303 current probe is
used to measure the current that flows through the load resistor
connected between the inner two contacts on the superconductor
bar. Three amperes of current flows through the outer two
contacts on the superconductor switch. When the switch is
superconducting, there is no current flowing through the load
resistor because the switch has zero resistance. When the
microwave power is applied on the switch, the absorbed power

causes the switch to become nonsuperconducting. The resistive
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switch is thus connected in parallel with a 80 mohm low
resistance load resistor. This causes current flow to divide
between the switch and the load. The amount of current that can
be switched to the load is determined by the resistance of the
load as well as the resistance of the switch between the inner
two contacts when the superconductor is quenched by the applied
microwave power. Shown in Fig. 7 is a typical current pulse
that flows through the load when microwave power is applied to
the switch. About 20% of the total current is switched to the
80 mohm load in this case. The rise-time for this current pulse
is about 100 ms while the fall-time is longer than one second.
The slow rising waveform is partially caused by the gradually
increasing output power level within the first few half-cycles
of the microwave power generated by the simple microwave oven
power supply. The rise-time is expected to be much shorter if a
microwave pulse with shorter rise-time is applied to a thinner
superconductor sample. The slow recovery of the
superconductivity as shown in the slow decay of load current
pulse after the microwave quenching also shows that the
temperature of the superconductor is raised well above the
superconductivity transition temperature by the microwave power.
In order to prevent the wires connecting the switch inside the
waveguide to external instruments from arcing due to the
microwave power, an insulating paint, NO-ARC, is applied to the
superconductor. This paint has low thermal conductivity and is
at least partially responsible for the slow cooling and
therefore recovery of the superconductivity of the switch after
being quenched by the microwave power although the switch is

immersed in liquid nitrogen during the experiment.




*1035F891 pEOT 3Yy3 03 Iamod SAEBMOIDTW
3y Aq Payd3ITMS JU3IIND 3Y3 10J WIOJIA®BA Ju21and Tedydla v *f *B1a

(23S) 3WIL

S b £ 2 t 0
——— ]
1 r
o
f 0 3
(o)
[ e
-~
2°0 m
=
|
$o0°0

9A




S HHNERNNBNT SRRSO I,

In summary, a microwave controlled high Tc superconductor
opening switch has been demonstrated. Further studies of this
class of opening switch and the understanding of interactions
between superconductors and microwave are being conducted using
a microwave generator with better <controllability and
reproducibility.
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IV. Pulsed Current Controlled High Tc Superconductor Switch

When a current pulse is applied to the outer two contacts
in the superconductor bar shown in Fig. 1, the total current
flowing through the superconductor can be made to exceed the
superconductor critical current density for the given switch
dimensions. The extra current flowing through the
superconductor makes it become resistive and therefore causes
part of the current to flow through the inner two contacts in
the superconductor and the load resistor. Once the current
flowing through the superconductor decreases due to the by-pass

of the current to the load resistor the resistance of the

10
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superconductor switch decreases too. This will lead ¢to a
balance between the switch resistance and the amount of current
being switched to the 1load of given resistance. For silver
contacts with negligible contact resistance and the 1load with
very small resistance, approximately the amount of current that
exceeds the critical current of the switch will flow through the
load. When the controlling current pulse is terminated, the
load current also decreases to zero. 1In this mode of operation,
there is no current or power gain for the switch. The operation
of high Tc superconductor switches with low or medium current
densities is in this mode and is therefore not useful.

If a current pulse exceeding the critical current of the
switch made of superconductors of very high critical current
densities is applied to control the switch, the power
dissipation that occurs in the switch during the quenched state
of the superconductor can raise the temperature of the switch.
Therefore, the switch will stay open for a period of time until
it is cooled down to below the superconductor transition
temperature again. When the superconductor switch is operating
in this mode, it is possible to use a short current pulse to
control the switch for switching current of longer period to the
load. This will provide at least a power gain to the switch
operation, 1i.e. it used 1less power to control the amount of
power to be switched to the 1load. Due to the 1lack of
superconductors with high enough critical current density during
the six-month period we have not been able to demonstrate this
mode of switch operation. Further research and development will

be conducted to explore this possibility.
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V. Conclusions

Three approaches have been explored to quench high Tc
superconductors for the application as opening switches. Among
these three approaches, pulsed current gquenching is not
applicable to superconductors with low critical current density;
magnetic field quenching is fast but requires fast magnetic
field pulse generator; and microwave quenching is mainly a
thermal process at least under our experimental conditions and
therefore is relatively slow. Since superconductors with high
critical current densities will also require high magnetic
fields for quenching, microwave or pulsed current quenching
might become superior approaches tor the operation of opening
switches made of superconductors with very high critical current
densities. It is also possible to combine these three and other

possible quenching approaches to give better switch performance.

\

Further research is needed to explore this parameter space.,
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